Electrolyte gated organic transistors offer low bias operation facilitated by direct contact of the transistor channel with an electrolyte. Their operation mode is generally defined by the dimensionality of charge transport, where a field effect transistor allows for electrostatic charge accumulation at the electrolyte/semiconductor interface, while an organic electrochemical transistor (OECT) facilitates penetration of ions into the bulk of the channel, considered a slow process, leading to volumetric doping and electronic transport. Conducting polymer OECTs allow for fast switching and high currents through incorporation of excess, hygroscopic ionic phases, but operate in depletion mode. Here, we show that the use of glycolated side chains on a thiophene backbone can result in accumulation mode OECTs with high currents, transconductance, and sharp sub-threshold switching, while maintaining fast switching speeds. Compared to alkylated analogues of the same backbone, the triethylene glycol side chains shift the mode of operation of aqueous electrolyte gated transistors from interfacial to bulk doping/transport and show complete and reversible electrochromism and high volumetric capacitance at low operating biases. We propose that the glycol side chains facilitate hydration and ion penetration, without compromising electronic mobility, and suggest that this synthetic approach can be used to guide the design of organic mixed conductors.
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Introduction
Electrolyte-gated transistors offer high current densities and low bias operation. At the most general level, these transistors yield desirable performance characteristics owing to an electrolyte which effectively replaces the gate dielectric. The chosen electrolyte can be in solid, gel or liquid state -the sole requirement being that ions within it can rearrange in response to an external bias. This bias, which is applied at the gate electrode, will lead to an ion-induced modulation of channel conductance.
Electrolyte gating has been demonstrated with channels made of bulk and nanoscale materials ranging from semiconducting oxides (1) , to carbon nanotubes(2), graphene (3) , and small molecule/polymeric semiconductors and conductors (4) . Unlike traditional transistors, which reach high performance through the use of ultra-thin, pinhole-free, and high dielectric constant gate dielectrics based on oxides or selfassembled organic layers(5), electrolyte-gated transistors offer relaxed requirements. Solid-state and gel electrolytes can be processed from solution, and allow for the physical placement of the gate electrode to be decoupled from that of the channel. Such devices have thus been used to control active matrix displays (6) , electrochromic pixels(7), and have been used for logic circuitry (8) . Biosensing in particular, has been a strong beneficiary of the developments in electrolyte gated transistors. (9) (10) (11) Nearly all biological analyte and electrophysiology sensing takes place in ion-rich aqueous media. In these cases, a biological event (e.g. an electrophysiological signal, or an enzymatic reaction) modifies the effective gate bias; the inherent gain of the transistor can then be used as an amplifying transducer to enhance the recorded signal (12) . Organic electronic materials are particularly interesting active channel materials due to their synthetic tunability, biocompatibility, and soft mechanical properties, readily allowing for integration with cells and biological tissue (13) .
The mode of operation of electrolyte-gated organic transistors has garnered significant attention due to the free volume and weak bonding interactions of the channel material. Two disparate operation modes are possible: an interfacial electrostatic operation (which defines a pure electrolyte gated organic field effect transistor, EG-OFET), and a bulk doping operation dominated by volumetric penetration of ions (referred to as an organic electrochemical transistor, OECT). In an EG-OFET, the gate-induced formation of an electrical double layer (DL) at the semiconductor/electrolyte interface, imparts a capacitance (CDL) on the order of 10 μF/cm 2 , which electrostatically dopes the semiconductor, forming a 2D conducting channel at that interface. (14) An OECT, on the other hand, allows for facile penetration of ions into the bulk of the channel; this volumetric doping leads to molecular-scale effective surface areas, and thus even higher effective areal capacitance values that depend on channel thickness. (15, 16) The difference between these two modes is the dimensionality of electrostatic doping and electronic transport. The control of the mode of operation can impart aspects of both interfacial and bulk operation that are mutually advantageous (17) (18) (19) (20) , or can allow one mode to dominate, simplifying analysis and implementation. Interfacial operation can be achieved by eliminating any opportunity for ion ingress into the transistor channel by making the channel material impenetrable (i.e. using an excessively dense channel material), or by selecting large or chemically incompatible ions (i.e. bulky ionic liquids or polyelectrolytes) (4). Bulk OECT operation, conversely, requires facile ion interaction through the volume of a semiconductor, requiring good mixed conduction properties. Since OECT operation involves penetration of ions into the semiconductor, it is presumed to be significantly slower than EG-OFETs, leading to a trade-off between fast response time and high currents.
Most organic transistors gated in a biologically-relevant environments rich in chloride and metal cations should show mixed operation modes dependent on the magnitude and frequency of the gate bias. Pure bulk switching behavior, as in OECTs, has been demonstrated in a limited class of materials where a separate phase or ionic moieties facilitating ion transport are introduced, for example, the conjugated polymer/polyelectrolyte composites based on poly(3,4-ethylenedioxythiophene), PEDOT. OECTs of these materials are considered to be the best performing bulk-gated transistors, but operate in depletion mode: they are ON in the absence of a gate bias. (21, 22) Conjugated polyelectrolytes offer an alternative route to accumulation-mode devices. (17, (23) (24) (25) However, ion-free, neutral polymers that utilize the wealth of synthetic knowledge from traditional organic electronics have not been achieved for aqueous (bulk-gated) OECTs. To this end, we show that modification of semiconducting polymer side chains can transform a material exhibiting mixed modes of operation into an entirely bulk-doped OECT when gated in aqueous media. We design a system where alkoxy or ethylene glycol side chains are attached to identical polythiophene scaffolds at the same positions, leading to energetically and conformationally similar conjugated polymer backbones. The glycolated polymer allows for significant enhancement in reversible electrochromism and a large modulation in capacitance. Transistors based on this material behave as true OECTs, with transconductance outpacing that of PEDOT:PSS-based OECTs of the same geometry, and exhibit a subthreshold swing of 60 mV/dec. Notably, no additives or crosslinkers are required to enhance mobility or stabilize the film in aqueous environments. Moreover, these devices show minimal hysteresis, long term constant and pulsed stressing stability, and response times of <1 ms.
The nature of the side chain is found to critically affect ion injection and transport. Thus, the approach presented here promises to contribute to the synthetic control of mixed conduction, and to the design of high performance electrolyte-gated transistors.
Results
Materials Synthesis and Characterization. The chemistry of side chains is well understood to influence a number of physical and optoelectronic properties of semiconducting polymers, such as solubility, stability and electrochemical behavior. (26) In order to make a fair comparison, we sought to investigate polymers with the same backbone structure and energy levels that have either alkoxy side chains (tetradecyloxy, C14H29O-) or triethylene glycol side chains (CH3(OCH2CH2)3O-). A glycol side chain should allow for swelling of the polymer, and thus more facile ion penetration necessary for electrochemical doping in water. The backbone of the polymers consists of a bithiophene-thienothiophene (2T-TT) unit which is selected due to its rigidity and potential for high hole mobilities (27) , and was functionalized with alkoxy or ethylene glycol side chains at the 3,3' position of the bithiophene unit affording poly(2- Figure S2 ). Roughness and film formation of both materials are found to be comparable as determined by atomic force microscopy (AFM; Figure S3 ).
Additionally, comparison of the solid-state microstructure by 2D grazing incidence X-ray scattering ( Figure S4 , Table S1 ) reveals that both polymers show similar edge-on texture and backbone repeat distances, but that intermolecular interactions in the π-stacking direction are affected by the side chain engineering, and will thus also influence intermolecular charge transport. effective capacitance: the phase shows nearly ideal capacitive behavior (φ~90°) at low frequency, and a 50-fold increase in the capacitance. Figure 3c shows that not only does p(g2T-TT) accommodate a nearly two order of magnitude modulation in effective capacitance, but that its alkoxylated analogue behaves similar to a bare gold electrode (dominated by the double-layer capacitance typical of an impenetrable interface).
Electrochemical switching characterization. p(a2T-TT) and p(g2T-TT
Transistor characteristics and transient response. The electrochemical characterization suggests that over the measurement range dictated by polymer stability and operation in aqueous chloride electrolyte, the two materials operate in different regimes. Transistor performance should therefore reflect this difference, which is imparted by the side chain structure and its interaction with the electrolyte solution. Figure 4 shows the output and transfer characteristics of p(a2T-TT) and p(g2T-TT) based transistors with the same areal device geometry (W/L=100 μm /10 μm) and operating conditions. p(a2T-TT) exhibits moderate ON currents on the order of 50-100 μA at a gate bias of Vg=-0.6 V, and shows significant hysteretic behavior. p(g2T-TT), on the other hand, reaches currents >1mA at Vg>-0.5V, and shows minimal hysteresis. The I-V characteristics and hysteresis of the same devices at a number of sweep rates are shown in Figure S6 , along with the corresponding gate current. p(a2T-TT) shows significant hysteresis for all sweep rates investigated, and does not reach steady-state even at unreasonably slow rates of 0.02 V/s, thus precluding extraction of steady state ON/OFF ratios and mobility characteristics. . A lower current regime (1 ms < t < 50 ms) is also observable in Figure 5 , with drain currents of 10-100nA, however, the transient characteristics of this regime are not fully accessible given the device geometry and measurement procedure used here. p(g2T-TT), on the other hand, shows significantly faster switching, with exponential rise times of τON=420 μs. The asymmetry in the switching characteristics is also significantly reduced with τOFF=43 μs (τON/τOFF=9.8). These data show that the p(g2T-TT) transistor shows significantly faster high-current switching characteristics compared to that of p(a2T-TT).
The fast electrochemical switching and high transconductance of p(g2T-TT) transistors reveal their potential utility in sensing and circuits, however, long term operational stability is required. The stability of p(g2T-TT) transistors was evaluated by stressing the devices during 10 min of constant biasing. At low and moderate bias, Vd=Vg=-0.1 to -0.4 V, the current is stable at long time points (Figure S10 ). At Vd=Vg=-0.6 V, the device shows a stretched exponential decay, similar to previous reports, (19) which is irreversible. Currently, it is unclear if this decay is due to polymer degradation or to permanent morphological changes. Long term pulsed cycling (nearly 2 hours, ~700 cycles) at the moderate biasing condition (Vd=Vg=-0.4 V) shows good stability, with only ~25% decrease in on current over the time of the experiment ( Figure S11 ). It is interesting to note that dynamic (50% duty cycle) stressing leads to a more rapid degradation in ON current (~2% reduction over 10 minutes) compared to DC stressing (100% duty cycle), where there is 0.05% deterioration during the same time.
Discussion
Mode of operation. The mode of operation of transistors depends on the bias magnitude and frequency range in question. (17) (18) (19) Motivated by operation in aqueous media typical for applications in biosensing, we are restricted to a low voltage operation (due to hydrolysis), with a total potential drop Vd+Vg < 1.2 V. The synthetic design of the polymers ensures proper control of the IP, such that operation at |Vg|<0.6 V is possible. While both p(a2T-TT) and p(g2T-TT) show some switching characteristics indicative of ion penetration into the bulk, the combined electrochemical characterization and transistor characteristics suggest that p(a2T-TT) behaves as a mixed mode-of-operation transistor material, while p(g2T-TT) is dominated by bulk doping and thus operates as an OECT. The effect of molecular design on swelling may affect the ability of a material to accommodate molecular reorganization in response to the physical penetration/withdrawal (mass transport) of ions.
For example, the anisotropy in ONOFF compared to OFFON transients could be explained by such reorganization which dominates lateral hole transport, where the glycol side chains help to accommodate local reorganization in aqueous compared to the alkoxy functionalization. Even so, the enhanced degradation of current in p(g2T-TT) devices due to pulsed biasing compared to constant DC biasing (Figures S10, S11) further suggests that physical penetration/withdrawal of ions leads to permanent morphological changes. Ameliorating such effects may require a balance between hydration and the need for dense morphologies necessary for a high site density (C*).
Transistors made of the glycolated polymer are able to achieve high ON currents, and to switch in the 0.5 ms time scale, sufficiently fast for most biological applications including environmental/analyte detection and electroencephalography (EEG). It achieves agreeable transconductance values of 5-27 mS, dependent on the thickness of the active layer, with Vd normalized values of ~10-60 mS/V and subthreshold slopes of 60 mV/dec. Sharp subthreshold switching is targeted for low power electronics applications, and may be a promising avenue for some sensing applications, especially given the 0 V bias and comparatively high currents (μA) observed here. The fact that the turn on voltage is independent of device geometry, and that the subthreshold regime (0.2 V > Vg > 0 V) coincides with the range in which effective capacitance increases fifty-fold, suggest that the electrochemical modulation onset is integral to subthreshold switching in OECTs.
It should be noted that simply synthesizing π-conjugated polymers with glycol side chains is not sufficient to yield high performance OECTs. The ionization potential of the conjugated polymer should be within the operation window allowed by the chosen electrolyte, and within the stability window of the polymer in that medium (i.e. stable polaron formation). Furthermore, side chain modification is known to change the processability and morphology of the resulting films, which is observed in the X-ray scattering and the varied solubility of the polymers reported herein. As such, it is not only the local environment offered by glycolated side chains that affects ion penetration, but also the relative modification of the polymer backbone conformation and energetics, interchain π-stacking and mesostructure that influence the ion drift, C*, stability and electronic mobility. immersed in NaCl solution (0.1M). The measurements were performed using a National Instruments PXIe-1062Q system. To obtain output and transfer characteristics, the gate and drain of the OECT were addressed using two channels of a source-measurement unit (SMU) NI PXIe-4145. For transient responses and stability measurements, the gate bias was applied using a NI PXI-6289 modular instrument, and current recorded with either the NI PXI-4145 SMU or a NI PXI-4071 digital multimeter. 
Conclusions
